We have investigated the growth of ternary CdSSe nanostructures by physical vapor transport, specifically aiming at the synthesis of CdSSe nanosheets. CdSSe nanostructures with various S mole fractions are grown at growth temperatures less than 800
Introduction
Recently, II-VI nanostructures catalyzed by Au or other metals have attracted great attention since these structures offer unique properties useful for novel optoelectronic devices [1] . Among various II-VI nanostructures, CdS/CdSe nanostructures are specifically promising for nanophotonic devices operating in the visible spectral range. These nanostructures have various morphologies including nanowires, nanobelts, nanosaws, and nanosheets depending on growth conditions [2, 3] . Such variety of morphologies originates from the inherent polar nature along the c-axis of the wurtzite crystal structure as is commonly observed in II-VI oxide nanostructures [4] . CdS/CdSe nanostructures have been extensively investigated to exploit the unique properties of these structures. Nanolaser [5] , field effect transistors [6] , photoconductive sensors [7] and other optoelectronic devices using these nanostructures have already been reported. Ternary CdS x Se 1−x nanostructures are particularly attractive because their optical emission energy can be continuously tuned from 1.72 
to 2.42 eV by varying the S mole fraction, x(=[S]/([S] + [Se])
). Therefore, emission energies from these ternary nanostructures cover the entire visible spectral range and thereby these nanostructures could be very important specifically for light emitting devices. Interesting tunable magneto-optical emission and absorption from CdSSe nanocrystals in a glass matrix prepared by sintering or chemical condensation have been reported [8, 9] . The size distribution and composition of CdSSe nanocrystals were tightly controlled by optimized preparation conditions. However, in this report, free-standing CdSSe nanostructures catalyzed by gold are only considered. The growth and color tunable photoluminescence from ternary CdS x Se 1−x nanobelts and nanowires have been reported [10, 11] and even stimulated emission from CdS x Se 1−x nanobelts by optical excitation has observed [12, 13] . However, in this study, we are mainly focusing on the growth of nanosheets rather than nanobelts and other structures. Nanosheets are quasi-two-dimensional structures with the lateral dimension in the micrometer range while their thickness is in the nanometer range [14] . Therefore, we believe that nanosheets could be served as pseudosubstrates for subsequent nanostructure growth on them. Specifically in this paper, we report the preliminary result of lateral heterostructure CdS/CdSe nanosheets which could be very useful for multicolor nanosheet light emitting devices.
Experimental details
CdSSe nanostructures were grown by the physical vapor transport method employing a conventional single zone furnace with a 5 cm diameter quartz tube. An additional 1 inch diameter quartz inner tube was inserted to increase the amount of mass transported vapor. Quartz boats containing CdS and CdSe powders (Alpha Aesar 99.999%) are placed in the center zone. Two source powders are placed in proximity and the temperature difference between the two sources can be negligible. Source mole fractions of CdS/CdSe powders were adjusted by varying the weight ratio between the two powder sources and the total weight was kept at 100 mg. Input S mole fractions,
), were 0, 0.13, 0.25, 0.5, 0.57, 0.8, 0.88, and 1. 1 cm × 2 cm silicon substrates were placed at 16.8 cm downstream from the center. Temperatures were calibrated with a thermocouple. Source temperatures in the center were approximately 20
• C lower than indicated temperatures. Substrate temperatures were 150-180
• C lower than source temperatures. For convenience, the growth temperatures reported in this study refer to the indicated temperatures of the furnace. Most of the CdS/CdSe nanostructures reported so far by other research groups were grown on a 5-10 nm gold coated Si substrate [2, 3, [10] [11] [12] [13] . In this case, during the growth, gold agglomeration takes place to form nanometer size gold islands, which act as catalysts. However, in the present study, we employed a commercially available 50 nm ± 2 nm gold colloidal solution (Ted Pella) with a particle density of 1 × 10 11 ml −1 . The agglomeration approach may result in an inevitable size distribution of gold droplets due to the Ostwald ripening in which larger droplets grow at the expense of smaller ones [15] . In contrast, predetermined size dispersion of gold nanoparticles may induce more uniform gold catalyst droplets compared to the agglomeration approach. However, this liquid based technique may induce some contamination. First, oxidefree, hydrogen-terminated Si substrates prepared by diluted HF dipping were coated with commercial poly-L-lysine solution by the solution-dipping technique for 1 min. Then, gold colloidal solution was dispersed on the substrate and rinsed with deionized water after 1 min. The existence of evenly distributed gold particles was confirmed by scanning electron microscope measurement. H 2 (10%)/N 2 forming gas with a flow rate of 1.5 standard liters per minute was introduced as a carrier gas. The effective flow rate was 385 standard cubic centimeters per minute through the inner tube considering the diameter ratio between the inner and outer quartz tubes. The growth time was 1 h and the growth temperatures were varied from 750 to 900
• C. The morphologies of as-grown samples were observed by a scanning electron microscope (JEOL JSM-6700F). Xray diffraction spectra were measured by a thin film x-ray diffractometer (Panalytical X'pert). Low and high resolution transmission electron microscope (TEM) images and selective area electron diffraction (SAED) patterns were observed by a transmission electron microscope (JEOL JEM 2010). Micro-photoluminescence (micro-PL) measurements of single CdS/CdSe nanostructures were carried out, employing a homebuilt micro-PL system. A single mode 488 nm Ar ion laser was guided into a modified commercial microscope (Olympus BX60M) with a commercial filter cube (U-MWB2). After passing through several band pass filters, unnecessary laser lines were completely removed before being guided into the microscope. The filter cube consists of an excitation filter, barrier filter, and dichromatic mirror. The laser beam was focused on a diffraction limited spot by an objective lens (Olympus 50×, NA = 0.5). The focused laser spot size is approximately 2 μm. PL from the single nanostructure was collected by the same objective lens. The filter cube blocks off the 488 nm laser line allowing only the PL signal to pass. By using a commercial dual port attachment, imaging by a charge coupled device (CCD, Imaging source DBK41AF02) and spectroscopic measurements were done simultaneously. For spectroscopic measurement, the PL signal was introduced into a multimode fiber using a fiber-launching module. Then, PL which was guided by the multimode fiber, was dispersed by a 0.5 m monochromator (Dongwoo Optron) and detected by a photomultiplier tube (Hamamatsu R928). For excitation polarization anisotropy measurement, laser polarization was rotated by a half wave plate (Thorlabs). For single nanostructure measurements, nanostructures were transferred to SiO 2 coated Si substrate by a gentle touching method. The separation between nanostructures, which was several hundreds of micrometers, enabled us to obtain single nanostructure PL without any interruption by adjacent nanostructures. The lowest power of laser attenuated by a neutral density filter (Thorlabs) was used to avoid any local heating effect. All measurements were done at room temperature. The patterns confirm wurtzite crystallographic structures regardless of the input mole fraction, x in . This is in agreement with previous reports by other researchers [10, 11] . The peaks shift depending on mole fraction, x. By analyzing the (002) peaks together with Vegard's law, x of CdS x Se 1−x can be determined [16] . The samples shown in figure 1 were grown at 800
Results and discussion
• C. It is noteworthy that there is significant discrepancy between input mole fraction, x in , and determined mole fraction, x. The determined mole fraction having input mole fraction x in of 0.88 was 0.84. However, the determined mole fraction of the sample having input mole fraction x in of 0.80 was only 0.21. X-ray peak positions from other samples having lower input mole fractions are very close to those of CdSe nanostructures. This means that the incorporation of S in CdS x Se 1−x nanostructures is significantly suppressed. Figure 2 shows low and high resolution TEM images together with their SAED patterns for CdSe and CdSSe (x in = 0.88) nanostructures observed near tips. Gold nanoparticles residing on the tips show that the growth was preceded partially by a vapor-liquid-solid (VLS) growth mechanism catalyzed by these gold nanoparticles. High resolution TEM images reveal that these nanostructures are perfectly crystalline without any crystallographic defects such as rotational twins, which are commonly observed in III-V nanowires. By judging SAED patterns, nanostructures grew along the [0 11 0] direction with side surfaces of ±(0001) and top surfaces of ±(211 0). This is in good agreement with other reports [2, 11] .
PL is more sensitive to slight variation of mole fractions. For ensemble averaged measurements, the laser beam was intentionally defocused and measurements were done for asgrown samples. Figure 3 shows PL spectra from the samples with various input mole fractions grown at 800
• C. PL is from near-band-edge emission. PLs show systematic blue shift with increasing input mole fraction, x in . As shown in the inset, PL energy increases rapidly when input mole fraction exceeds ∼0.8. This is in good agreement with x-ray results. We have conducted similar experiments for samples grown at 850 and 900
• C. From x-ray and PL measurements (not shown here), the incorporation of S is almost hindered for the samples grown at temperatures higher than 850
• C regardless of their input mole fraction. • C. The inset shows PL energy variation depending on the growth temperatures.
To clarify the effect of growth temperature on S incorporation, a series of samples was prepared with x in = 0.5 but with different growth temperatures. Two-dimensional films which may have different mole fractions compared to nanostructures, could be formed on the substrate during growth specifically at high temperatures and this layer could lead to a misguided result of PL. Therefore, we have conducted single nanostructure PL measurements (figure 4) from transferred single CdSSe nanostructures. Systematic red shift was observed, indicating less incorporation of S as increasing growth temperatures.
The inset shows a quasi-linear dependence of PL energy depending on growth temperatures.
A similar observation has already been reported [10] .
However, in our growth condition, the suppression effect is more significant.
When the growth is dominated by the VLS mechanism, the nanostructures have the form of nanowires. This type of growth occurs at low substrate temperature with low vapor supply. Increasing the source temperature in the physical vapor transport growth employing a conventional single zone furnace increases both vapor supply rate and substrate temperature. In this case, vapor-solid (VS) growth which promotes side wall growth starts to play a role and compete with the VLS mechanism. Two combined growth mechanisms result in tapered nanobelts with gold catalysts on the tip. This situation is quite similar to tapering phenomena commonly encountered in III-V, IV-IV nanowires [17, 18] . In addition, self-catalyzed growth takes place predominantly on the chemically active, positively charged Cd side of the nanobelt, provided that sufficient thermal energy to surmount nucleation barrier is supplied while the chemically inert, negatively charged Se/S side of the nanobelt is relatively flat. This growth mechanism is discussed as the spontaneous polarization induced asymmetry (SPA) growth mechanism by Ma et al [19] .
Toothed nanobelts or nanosaw structures resulted from the SPA growth mechanism. Figure 5 shows the SEM images demonstrating the morphological evolution of the samples shown in figure 4 depending on the growth temperatures. Figure 5 (a) shows a wire-like morphology, indicating the dominance of the VLS growth mechanism. Figure 5(b) shows a belt-like or partially saw-like morphology meaning that the VS mechanism starts to play a role from this growth temperature. Triangular shaped nanosheets are observed at growth temperatures higher than 850
(figures 5(c) and (d)). At 900
• C, the width of the nanosheet extends several tens of micrometers. Together with nanosheets, layer-like morphologies on the substrate surface are observable because high growth temperature promotes two-dimensional layer growth. The evolution shown in figure 5 is in good agreement with the growth model generally accepted [20] .
Although a different idea has been proposed to account for the S suppression effect, the interplay between the VLS and VS mechanisms may play a role during the growth of CdSSe nanostructures. According to the traditional VLS model, supersaturated CdS/CdSe in molten gold droplets starts to precipitate at the interface between liquid and solid to form a nanowire. Solubility differences between S and Se species together with the relative vapor supply rates of both species will determine the mole fraction of CdSSe nanostructures. However, when the VS growth mechanism dominates, S and Se species initially arriving at the nanobelt top/bottom surfaces migrate toward the ±(0001) side surfaces for incorporation. In this case, competition between S and Se species occurs and a strong preference for the incorporation of Se species may exist. Therefore, at temperatures higher than 850
• C, CdSSe nanosheets with very small S incorporation result even if a sufficient amount of S vapor is transported. To support our idea, we note that the exchange effects of Se into CdS have been observed and utilized to form self-assembled CdSe quantum dots during molecular beam epitaxy [21] . Figure 6 shows the PL anisotropy property of a single CdSSe (x in = 0.5) nanosheet grown at 900
• C. PL emission efficiency is high so that excitation laser power is attenuated to the lowest level by a neutral density filter. As shown in figure 6 , PL intensity decreases when the polarization axis is perpendicular to the long axis of the nanosheet together with a slight blue shift of PL as compared to PL from excitation with parallel polarization. Several origins of PL polarization have been discussed. The most prominent origin arises from a dielectric constant difference between nanostructures and their surrounding media [22] . When excitation laser wavelength is much greater than the diameter of the nanowire, the electric field inside the nanowire is greatly attenuated for the polarization direction of the excitation laser perpendicular to the wire axis. Thus, PL intensity is greatly reduced. The degree of polarization anisotropy is usually described by the polarization anisotropy ratio, ρ = (I − I ⊥ )/(I + I ⊥ ) where I and I ⊥ are PL intensities parallel and perpendicular to the nanowire axis, respectively. A polarization anisotropy ratio of 0.91 was reported from thin InP nanowires [22] . The dimension of our nanosheets in the present study far exceeds the wavelength of an excitation laser. Therefore, this origin is not applicable to our system. Unlike the zincblende structure, wurtzite structure has 'A', 'B', and weak 'C' transitions due to its band structure [23, 24] . 'A' transition is forbidden for an excitation laser perpendicular to the c-axis of the wurtzite crystal. In contrast, 'B' transition is allowed for both a-and caxes. The edge of the v 9 valence band, which is responsible for 'A' transition, is 26 meV higher than the edge of the band for 'B' transition [23] . Both 'A' and 'B' transitions contribute to PL emission when excited by a laser with polarization parallel to the long axis of the nanostructure while only 'B' transitions, which have larger PL energy, contribute PL emission for perpendicular laser excitation. Figure 6(b) shows PL intensity modulation depending on polarization angle. This result clearly shows ∼ cos 2 θ dependence and polarization anisotropy ratio ρ is ∼0.1. Overall trends are in good agreement with those from CdSe nanobelts reported by Venugopal et al [23] . The polarization anisotropy ratio in our nanosheets is smaller than the reported value (ρ ∼ 0.25) of the CdSe nanobelt. The inset in figure 6(b) shows the variation of ρ for single nanostructures grown at different temperatures. No significant difference can be observed for all nanostructures. This is due to the large dimension of our nanostructures.
Nanosheets may serve as a substrate for nanostructure heterostructures. To see the feasibility of our idea, CdSe nanosheets are grown at 900
• C. After cooling to room temperature, the quartz boat is quickly exchanged for the boat containing CdS powder. Then the second growth of CdS follows at 800
• C. As shown in figure 7 (a), CdS structures with different contrast are grown laterally to the side of CdSe nanosheets. Figure 7(b) shows the details of one of these structures showing the lateral CdS structures. Since the side of CdSe nanosheets offers many available nucleation sites, preferential growth to the side of CdSe nanosheets takes place and thereby such interesting lateral heterostructures CdS/CdSe nanosheets result. Figure 8 (a) shows micro-PL of one of these structures. First, the laser spot is focused on the center part of the structure as shown in the inset. The red PL emission detected by CCD and spectrum analysis shows that it is pure CdSe without any trace of PL from CdS. Next, the laser spot was moved to the edge of the lateral heterostructure. In this case, we observe very distinct green emission, as shown in the inset. Though the spectrum shows double peaks possibly due to a stress effect arising from the lattice mismatch, the structure grown to the side of the CdSe nanosheet is unambiguously CdS. In this case, we observe low intensity PL from CdSe as well. This is not surprising because our laser spot may excite some part of the central CdSe nanosheet. Figure 8(b) shows the excitation polarization anisotropy measurement from the center and edge part of the lateral heterostructure nanosheet. Maximum and minimum angles exactly match each other which means that the growth direction is the same. For the CdSe nanosheet, ρ is 0.15 while ρ from the side CdS structure is 0.22, slightly higher presumably due to the contribution from the dielectric constant difference. It is noteworthy that all species of CdS which initially arrive on the surface of CdSe nanosheets migrate toward lattice sites at CdSe side walls for incorporation. In other words, no deposition of CdS occurs on the surface of CdSe nanosheets, as evidenced by PL observation. This interesting structure can be utilized for multicolor light emitting devices. Certainly more detailed work is required to establish the growth model and obtain parameters to control the structure as desired.
Conclusions
We have systematically investigated the growth of CdSSe nanostructures by physical vapor transport aiming at ternary CdSSe nanosheets. A defect-free single crystalline CdSSe nanostructure grown along the [0 11 0] direction has been successfully synthesized.
Morphological evolution from nanowires to nanosheets has been observed with increasing source temperatures. Even if nanosheets with lateral dimension extending several tens of micrometers have been successfully grown, the strong suppression of S incorporation in CdSSe nanosheets has been observed by x-ray diffraction and micro-PL measurements. In addition, lateral CdS/CdSe heterostructure nanosheets have been successfully synthesized by two step growth. Distinct red/green emissions from the center and the edge parts of heterostructure nanosheets were observed by micro-PL measurements. These heterostructure nanosheets could be very important for multicolor light emitting devices.
